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Abstract

‘1’llc scic]ltific  chal]cngc  of undcrstanclinr,  global  climate cllan~,c  requires the appli-
cation of knowledge discovery and clatanli~li]lg  tech] liques  on a lalge scale. Advances
in parallel supercomputing  technology cmal)]c  high-  resolution modding, while sensor
technology allows data capture on an ~l~l])]cccclc]lt(cl  scale. We discuss here cxlmri-
CIICCS  wit]] a data analysis cmvironmcnt dcwcloped at UC1,A, CONQUEST, which pro-
vides c.o]]tcmt-basccl  access to such scientific datascts. CON QIJFXT (CONtent-based
Qucryi]lg in Space ancl ‘1’imc)  employs a colnbination  of workstatio]ls  and massively
])arallcl  l)roccssors (MP1”S)  to mine .gcophysical clatascts  possessing a prominent tenl-
lJoral co]n])o]lc]lt. It is dcsignccl  to enable  complex multi-] noclal illtcractivc  querying
and k]lowlcdgc  discovery, wllilc simultaneously copi)lg with tile extraordinary compu-
tational demands l)oscd by the scope of the clatascts  involved. 1$’c review its usc to
]mrforln  automatic cyclone extraction and dctcctioll  of spatio-tcn)poral  blocking con-
ditions 01) hflI’1’ ]datforms.
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1 Introduction

LJllclclstallclillg the long-tcmn  bcllavior of the earth’s atmosl)llms  and occalls  is onc of a
number  of anlbitlious  scientific ancl  technological challcngcx  wllicll IIavc bccII classified as
“ Grand  Challenge” l)roblms.  These problems share  in common the need for the application
of mlormous computational resources if they ale to bt! solved. Sul)stantial  l)rogress  has of
course already Imn made on global climate analysis over the years, due on the one hand to
the dcvelol)mcnt of ever mom sophisticated sensors and data-co] lcctic)n  devices, and on the
other  to the illll)lclllclltatioll  and analysis of large-scale ]nodcls  011 su~)ercomputers. Gigabytes
of data can now bc generated with relative case fol a variety of important geol)hysical
variablm  over long  time scales. IIowcver,  this very success has crcatcd  a new problem: how
do wc store, lnanagc,  access and interpret the vast quantities of information now at our
disposal?

‘1’hc issue of data management and analysis is in itself a Grand  Challenge which ]nust
bc addressed if the production of real and synthetic data on a large scale is to prove truly
useful. ‘1’hc cl)allcnge  has bccm addressed by the dcvclol)nlcllt  at lJCI,A of of CONQU1’XT
(CC)Ntc~~t-l)asc(l  QUerying  in Space and Time) [1], a distributed lmrallcl  querying and anal-
ysis cnvironlncnt< dcvclol)cd  to address this challenge ill a geoscientific  setting. The basic idea
of CONQIJI’XT is to supply a knowledge discovery mvironlnmt  w]lich allows geophysical
scientists to 1 ) easily  forlnulate  queries of interest, cslwcially  the ~]clleration  of contmt-based
indices dc~wndant,  on both “slmcificd” and “cmcrgcnt)’ s~)atic)-tclnl  wral ~)attmls,  2) cxccutc
these queries ral)idly on massive datascts,  3) visua]izc  the results, and 4) rapidly and in-
teractively  infer and explore ncw hypotheses by supporting colnplcx  compound qumics (ill
gmcral,  these queries depend not only on the diffm!nt  datascts thclnselvcs, but also on
content-based indices supplied by t,hc answers to previous queries).

Contmt-based access to image databases is a rapidly developing field with applications to
a numlxr of different scientific, cnginccring  and financial problems. A sampling may h found
in VOIUIIICS such as [2, 3]. One example is the QUBIC ~)rojcct [4] illustrating the statc-of-thc-
art in image retric!val  by content, while cxamp]cs of wc)rk in tllc area of gcoscimlcc  databases
include JAIWOO1 [5], VIMSYS [G] and Sequoia 2000 [’/]. L4any of tl]csc cflorts arc directed
at datlascts  which contain relatively static l]igh-resolution spatial l)atterns,  suc]l  as high-
rcso]ution 1,alldsat ilnagcry,  and Synthetic Alm-t,urc  I<adar i~nagmy of the cartll’s  surface
and of otllcw  planets. CONQUI’XT sliares a great deal in com]noI) with these systems. Its
distinguishing features arc, 1 ) the fact that it is designed to address datascts with prominent
tcm~~)oral  conll)oncmts  in adclition  to significant high-l  csolution s~jatial information, and 2)
that it is designed from the beginning to take maximu]ll advantage of parallel and distributed
~)roccssing power,

2 System Architecture

‘1’hc systelll  architecture is outlil~ed in F’igurc  1. I)ctails  call l)c found ill []]. It consists of
tflle the followi]lg 5 basic coml)oncnts:
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Figure  1: Sytcm Arcllit ccturc

‘1’hc scimtific  worklmlcll consists of a graphical user intcrfacc  c~labling  the formulation of
queries in tcrIIm of ilnagcry prcscnt,cd  on the scrccn by t,hc Visualization Manager. Queries
forlllulatcd on tllc workbench arc J)arsccl aud opt,imizcd for target arcllitcct,urcs by the Query
Manager, and thcll passc!d onto t,llc execution cngillcs. ‘1’hcsc  can bc either paral]cl or serial
su~)e]  co~n])utcrs,  such as IEIM S1’1 and lntcl  1 ‘alagoll  SII~)Cr(:OIII]) IItCIS, single workstations,
or workstation farms. ‘Ilc sim~dcst queries consist of the cxtractio]l  of well-dcflncd features
from “raw” data, without rcfcrcllcc  to any otllcr info] matioll. These features arc rcgistcrcd
with t}~(! information Ilcl)ository  to act as indices fol further queries. Salient information
cxtractcd  by clucrics can also lx displayed via the Jrisualization  Manager. The latter is
ilnl]lc~[lc!ntcd  01] tol) of 11)1,, and supports static  ljlottill~ (21) and 31) graphs) of data, analysis
of data  (e. g., statistical, contours), and aninlation  of (lat,asct)s.
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3  Datasets

C; ONQU1’;ST  has bcm al)l)licd to datascts obtainccl  from two diflmmt sources. ‘1’hc first
datasct, is out])ut  from an Atmospheric Global Circulation Model dcvclopccl  at UCLA, cho-
sen for two principal reasons:  (1) it includ(!s  a challcliging  set of sljatial-tcnll)  oral patterns
(e.g., cyclones, hurricanes, fronts, and blocking  events); and (2) it is generally free of in-
coml)lctc,  noisy, or contraclictary  infomatioxl. The U CI.A atlnos])llcric general circulation
model (AC CM) [8] is a finite-diffcrcncc model that includes sol)histicatccl  paramctcrizations
of cu]nulm  convection [9, 1 O], as WC1l as planetary boundary  layer l)roccsscs  and paranlc-
tlcrizations  of shortwave and longwavc  radiative transfer. I’hc horizontal structure of the
model is ty~)ically rcl)rcscntcd by grid cells of various resolution; wc arc using a grid size of
5° longitude and 4° of latitude. The vertical conlpollent  of the Inoclcl  is rcprcsentcd  by a
series of ])rcssurc layers; the vcrsioll  in this study has 9 layers ill tllc vertical with the top at
50 Illilli  bars.

‘1’hc l)rognostic variables of the AGCM are horizontal  vclociti(!s,  potential tcmpcraturc,
water vapor and ozone mixing ratio,  surface pressure, {~round tcnl~)(!rat,urc,  and the depth of
the })lanct,ary boundary layer. ‘J’here am also diagnostic variables SUCI) as vertical vclocitics,
~)rccil)itation,  cloudiness, surface fluxes of sensible and latent llcat, surface wind stress and
radiative heating. Typically, the model’s output is written out, to the datalmsc  at 12-hour
(si]llulation time) intervals; however, this frequency can bc lnodificd  dcpcndillg on storage
cal)acity of the database. tllc model can Lx: run with diflcrcnt spatial resolutions (grid sizes)
and tc~n~)oral  resolution (output frequency). At the lowest s~)at ial resolution (4° x 5°, 9
lCVCIS) with 12 hour output intcrva], the AGCM produces al)proxilnatcly  5 Gbytcs  of data
~)cr silnulatcd  year, whi]c a 100-year silnulation  of a AGCh4  witl] a 1° x 1.25°, 57 lCVCIS)
generates ap~)roximatcly  30 tcrabytcs  of output.

‘J’hc second datasct is obtained from ECMWF  ( hluropcan  Cmltcr for Medium-ran,gc
Weather F’orccasting),  ancl  is split into two subgroups based upon simulated data and satel-
lite data rcspcctivcly. The ECMWF  T42L19  and T42L19 VIII) AN411’  10 Year Simulation
(1979-1988) datasct  contains fields wit]] a p;rid size 128 longitudinal points (2.81 25°) by 64,
Gaussian latitudinal points, by 15 ~)rcssurc lCVCIS.  Model variables were output to files every
6-hour (simulation time) intervals. Each 4D variable (e.g., .gcopotclltia]  height) rccluircs 7Gb
of disk storage. ‘J’hc NCN4WF  TOGA  Global IIasic Surface and Ul)pcr Air Analyses datasct
consists of fields which arc uninitialized analyses sal]lplcd  twice a day (O GMT and 1200
GM’1’),  at 14 or 15 pressure lCVCIS,  over a (2.5° longitude by 2.5”’ latitude grid. Upper air
variables include gcopotcntial,  tcmpcraturc,  vertical velocity, u- and v- conl~)oncnts  of hori-
zontal wind, and relative humidity, while surface variables include surface pressure, surface
tlcmpcratlum,  lncan sca-level pressure, etc.. The datas(:t  rcquir~!s  al)out 130 h4b/month.

4 Spatio-temporal. Feature Extraction

WC review llcrc the usc of CONQIJESrl’ to ca~)turc  hc[lristic Iu]cs for l)rolnincllt features, as
discussed ill [1]. ‘J’wo canonical features arc cycloIIcs  and block illgj features. ‘1’hcsc  l)hcIloIII-
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ma interact  in a ]nanner that is still
candidates for tile illll)lclllclltatlioll  of

ilnpcrfcctly  understood, a]ld therefore rcprcscnt  ideal
complex queries.

4.1. Cyclone detection

Cyclones are someof the most prominent climatic fcatllrcsclisl)lay(:cl  by Global Circulation
Models. ‘1’hcm is, however,  nosinglc  objcctivc  definition in the litmaturc of the notion of
a cyc.lo]lc!.  Several working definitions arc based upon the detection of a threshold lCVC1
of vorticity  in quantities such as the atmospbcric  pressure  at sm. level. others arc based
upon the determination of local minima of the sea level prcssum  [11]. Tile lattcrs’  careful
trcatmcllt includes the introduction of extra relevant infornlatio]l such as prevailing wind
velocities ill a lncaningfu] way.

Cyclones are defined Mow as ol~c-(lil~lcl~siol)al  tracks  in a 3-dimensional space consisting
of a time axis and the 2 s~)atial axes of latitude and longitude. (;yclones represent paths
of abnormally low sca level pressure in time. A tyl)ical  cyclo]le  track,  in this case over
the continental United States, is shown schcmatical]y  in Figure  2, together with a dataflow
description of the associated cyclone query. The track is found by first detecting onc or more
local lnillilna in tllc 2-dinlcllsional  grid of sea level pressure values  rc])rcscntillg a single time,
fralnc of tllc GCM. A local minimum is found by locating a grid location whose pressure
~,altlc  is low[:r t,]lall  t]lat  at, a,ll t]lc grid l)oints ill a nciglll.)orhood  around the location by SOmC
(adjustable) l)rcscrilml  threshold. This minulnum is then refined by interl)olation  using
low-order polynomials such as hi-cubic splints or quadratic bowls. Given a local minimum
occurrillr, in a certain GCM frame, the central idea is to locate a CYC1011C track by detecting
in tllc subsequc]lt  GCM frame a new local minimunl whic]l is “sufficiently close” to the
current one. Two minima are deemed “sufficiently C1OSC” to bc l)art of the salne cyclone
tlack  if they  occur within 1/2 a grid spacing  of each other. Failin8, this condition, they are
also “suflicicnt]y C1OSC” if their  relative positions are cxmsistent  with the instantaneous wind
velocity in the region. A trail  of several such points computed from a series of successive
frames constitutes a cyclone.

=-e+o,,~]fl  %’;%cd,rack.

a
‘_.@*oo* flri+@**~~  x .;::.. ---+

Sea Level minima /
Pressure

B

~, }~~~: p’insert  completed
.: .:.: : ;:.:,::::, ,,, : : : * ,., ,: tracks ink) database,.: : : ;,:.,.,,:.,

visualize tracks

Figure 2: 1 ]ata flow rc~)rescntatiml  of th[: cyclollc tracking query.

l~igures 3 and 4 l)rc.smlt  cyc.loprcscnse  clmsity Il!al)s  of cyclo]]m dur ing  the n o r t h e r n
~,illtcl  ~xt,l.a~t,~d  flolll-]~jCMWI~  llloclcl a n d  a,l)a]yscs  (Iat,asct,s,  lcs])cctiv~ly.  ]11 i,llc figures,
white r(:l)rcsc’nt,s  tllc ]owcst density value, while bla(k  indicate- tllc largest dellsit,y value.
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III the I;CM WI{’ analyses ( “obscrvaLioI1al”  ) datasct  (1’igure 3), as in tLc ma] atmosphere,
IIlost of cxtratmpical  cyclones arc formed and nli.grat,c  within a few 7ol}ally-clollg  atccl  regions
(i.e., “storl]ltracks’)  ) in the IIorthcIIl  Atlantic and Pacific and ofi’ alound  the A~ltamtic.  The
I’;CM Wl~’ AGCM (4), hO\V(H’Cl, tends  to yield significallt,ly  more cyclones than  obsmwcd.

CYC[  OPRESENCE (ECMWF Anolyses) (lot: 10:,97, MOX 4 9 ,  t#in: O )
r 90, , . . ...1

I“igurc 3: Cyclol)rcsc]lsc  density lnap of cyclollcs  duril]g tllc notllcl  l]
tllc 1’;CMWI° Analyses datasct  (1 985-1994).

winter  extracted from

)

I;iguw 4: CyclolJrcscnsC  dcllsity map of cycloIIcs  during  t,hc IIot,llcIII  willtcr extracted froln
tlIc I’X;A4 WI” GCM Inodcl  data (1 979-1988).



4.2 1310cking Feature c!xtraction

(In tilnc scales of one to two weeks the atmosphere occasionally IIlanifcsts  features w]lich
have well-defined stmcturcs  and exist for an extended lmriod c)f tlilnc essentially ullchaugcd in
form. Such structures arc rcfcrrccl  to, in general, as ‘Ll}crsistcnt  anomalies”. Onc particular
class of ~)crsistcnt  anomalies, in which the basic wcstclly  jet strca~n  in mid-latituclcs  is split
into two bralldl~s,  haS traditionally been rcfcmcd to as ‘Lblockillg’)  events. The typical
anomalies in surface weather (i.e., temperature and pI ccipitation)  associated with blocking
events and their observed frequency have made predicting their onset and decay a high
l)rioritjy  for medium-ran,gc (5-15 day) weather forecasters.

While there is no gc~lcral  agreement on how to objectively dcfi]lc l)locking  events, most
definitions require that the following conditions exist: 1 ) the basic w(!stcrly wind flow is split
into two branches, 2) a large positive gcopotential  hei?,ht  anomaly is l)rcscnt clownstrcam of
the sl)lit, and 3) the pattern persists with recognizable continuity fo~ at lc~s} 5 days. Blocking
features arc determined by measuring the cliflmmcc I)ctwccn the gcopotential  height at a
given time of year and the climato]ogical mean at that time c)f ycal am-aged over the entire
time range of the datasct.  13cforc taking this difference, the gcopotclltial  height is first passed
through a low-pass temporal filter (a 4th order Butte]  worth filter with a 6-day cut-off), to
ensure that blocking signatures arc not contamiuatccl  b~’ the sigl)als of migratory cyclones and
anticycloncs. ‘1’hc filtered field is averaged to obtain tllc lncan  year. A Fourier transform of
the mean year is then taken, followed by an inverse I“ourier transforll]  on the first four Fourier
components. q’his l)roccdurc yields smooth time series for seasc)nal  (:yclcs even if the datasct
is small (<~ 100 years). ‘1’hc resulting filtered mean year is subsequently compared with
the Iluttcrworth-processed gcopotcntial  height fields to generate tllc funda~nental  anomaly
fields. Illocking “events” call be detected as time periods N during which filtered gcopotcntial
anomaly values arc persistently higher than 0. Figure 5 presents a density plot indicating
the global occurranccs  of Mocking events for UCLA AGCM data (1985-1989), extracted
using 6t. = 5 days and O = 0.5a.  In the figul c, white represents -lIC lowest density value,
while black indicates the largest density value.  Since 1 )locking is by ~laturc an cxtratropical
phenomenon, wc have eliminated values in the tropics from tllc l)lot.

4.3 Parallel Implementation of Feature Detection

‘1’hc algorithlns  described above for extracting cyclone and blocking features on a 10-year
datasct of atmospheric data require several hours to execute on a typical scientific worksta-
tion. l’rc-~)roccssing  and storage of indices by workstations is of course a feasible alternative
for heavily used features, but  will not suf13cc  for a more .gcncral al~d wide-ranging querying
cal)ability.  1 t is llcrc that massiv(!ly  parallel pmccssors (MPP’s)  clltcr the picture. The fea-
tures  described above can be computccl  quite cfiicicntlj’ on Ml>l”s,  I)ringing  the turn-around
time for a tyl)ical  query down to the range of minutt,s on mcdiul]l-scale ~mallcl machines
that llavc I)ccu used to date (a 24-node IBM S1’1 anfl a 56--node IIltcl Parago~l).  It is cx-
~)cctcd that llcar real-tilllc l)crformancc  will be achicvecl when tllc systcnl is portccl to larger
l)latfor]lls  colnl)risillg  ul) to .512 ]iodcs.
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O’igurc 5: l)cnsity  map of blocking events extracted j“rom the
(1985-1989).

)

JC1,A AGCM model clata-

‘1’he parallel illll>lel]lclltatiol]  of these queries requires of course all cxl)licit  dccoml)osition
of the l)roblcm  across tllc various noclcs of a parallel machine. 1x1 tllc case of cyclone detection,
the o~)tinlal dccolnposition  is based upon a division of the proMcnl  into separate temporal
slices, each of which is migliccl  to a separate node of tllc machine. A tcln~)oral  decomposition
suc]l as this ~)rovcs  to be highly efficient on a coarse-graincd architecture, provided that
cyc]onc results obtained during a given time zone do not intcrfcrc  too strongly with those
at a later time. Care must bc cx(!rciscd  in such a decomposition, as the temporal dimension
does not typically parallclizc in a natural way, cspccial]y  when state information plays an
important role in the global  result. State-informatioll plays a fundalncntal  role in the very
definition of cyclones, so talc must obviously be taken in the cnsuillg l)arallcl  decomposition.
‘1’hc problem proves tractable ill the case of cyclone detection bccausc of the observation that
no cyclones last longer than  24 frames. This allows the use of a straightforward temporal
sllaclowiug  procedure, in which each nc)dc is assigned a sm~all  nu]nbc] of extra temporal
frames that overlap with the first fcw frames assigned to its successor node. In the case of
~locking  feature dctcctio~],  a straightforward spatial dc!composition  which assigned cliffcrcnt
Mocks of gricl points to different machine nod(!s proves  to be ol)timal.

5 Conclusions

h~xtcmib]c  qu(!ry ~)roccssin~;  systems in which scientists can easily  construct content-based
queries have been rcvicwcd that cnalic  important features lmcscnt,  in geophysical datascts
to bc cxtractcd  aud catalogucd  cfilcicntly.  Examples include cyc]onc tracks and Mocking
cvcllts  from both  observational and simulated datascts OH the 01 dcr of gigabytcs in size.

Several future issues must be addressed by reseal chcrs in the field. Onc is the popu-
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latioll  of tllc query set with a wider range of phcnollm]a  illcluding oceanographic as WC1l
as atlnosphc~ic qucrim. Another is the a~)plicaiion  of machi]lc lcarlling mcthocls  to extract
IJrcviously  unsuspected l)attcrns  of interest. A third issue is thcscali]]g ofsystcm size onto
massively parallc] platforms, a ncccssary ingredient to cope with the tcrabytc  size datascts
that arc becoming available. in this area, scalcablc 1/0 considerations arc at least as inl-
portant  as those associated with computation pm se, and ar(! all active area of research. A
final issue is the dcvclopmcnt  of an appropriate field- ]nodel language capable of expressing
queries based upon large imagery datascts rapidly and cfficicmt]y.
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